A key hurdle in achieving high scan speeds in atomic force microscopes is that the probe is required to be scanned over the sample in a zig-zag raster pattern. The fast axis of the AFM scanner must track a signal that contains frequencies beyond its mechanical bandwidth. Consequently, fast raster scans generate distortions in the resulting image. We propose a smooth cycloid-like scan pattern that allows us to achieve scan speeds much higher than a raster scan. We illustrate how the proposed method can be implemented on a commercial AFM with minimal modifications.
Introduction
In atomic force microscopy, a micro-cantilever with a very sharp tip is scanned over a sample at distances of the order of a few nanometers, or less in a zig-zag raster pattern. The most widely used scanning device is a piezoelectric tube scanner [1] introduced by Binnig and Smith [2] . However, flexure-based positioning stages have emerged as a viable alternative in recent years [3] [4] [5] . In either case, to achieve a raster pattern, one axis of the scanner is required to track a fast triangular signal while the other lateral axis is made to track either a ramp or a staircase setpoint. Limited mechanical bandwidth of the scanner together with its highly resonant nature is a key hurdle in achieving high scan speeds in raster scan AFM. A number of methods have been proposed to deal with this issue that range from using innovative mechanical designs to achieve high-bandwidth nanopositioners [4, 3] to using feedforward [6] or feedback control methods [7, 8] . For an exhaustive survey the reader is referred to [9] .
There has been significant interest in developing video-rate atomic force microscopes in recent years [10] . Development of such systems requires scan speeds well beyond the reach of currently available commercial AFMs. The two successfully demonstrated video-rate AFMs [4, 11] are equipped with nanopositioning mechanisms that are different to those in commercial AFMs. The video-rate AFM reported in [4] uses a serial kinematics positioner, while [11] uses a tuning fork. In either case the requisite high scan speeds are obtained at the expense of scan range. Thus, there is significant interest in methods that can achieve high scan speeds over a large scan area and can be implemented on available AFM scanners. One such method was recently proposed in [12] , where the scanner was made to follow a spiral pattern. Due to the smoothness of the trajectory, the scanner can track a spiral with significant precision, allowing for highspeed scans of a sample with much better quality compared with a raster-scanned image of similar speed.
In this paper we propose a cycloid-like scan pattern for high-speed AFM. An AFM scanner can be made to follow this pattern by forcing a lateral axis to track a sine signal and the second axis to track a cosine signal, with the same frequency, plus a slow ramp. Almost all existing AFM scanners are quite suitable to operate in this regime. In particular, we illustrate how the method can be implemented on an existing raster scan AFM with minimal modifications. The significance of this method is that it does not require specialized apparatus to develop high-quality images at very high scan speeds and it works quite satisfactorily without the need to dampen vibratory modes of the scanner, which is a necessity in high-speed raster scan AFMs [13] . The latter method is known to introduce sensor noise into the feedback loop, which is known to have an adverse effect on the positioning accuracy of the device [14] .
The remainder of this paper is organized as follows. Section 2 describes how a cycloid-scan pattern can be realized in an AFM scanner and discusses how the measurements may be mapped to an image in Cartesian coordinates. Section 3 describes the implementation of the method on a commercial AFM and presents cycloid-scanned images. The cycloidscanned images are compared with the raster-scanned images of the same sample, obtained at identical scan speeds. Section 4 concludes the paper.
Cycloid-scan

The cycloid-scan method
The proposed scan trajectory is plotted in figure 1 and is characterized by the following equations:
where ω = 2π f and f is the scan frequency, r is the amplitude of the input waveforms and α is the ramp rate of the x input signal. Strictly speaking, the proposed scan pattern is not a cycloid. However, it has striking similarities to a prolate cycloid, in which the point tracing out the curve is outside the circle at a significant distance from its center. Thus, we have taken the liberty of naming this method, as stated in the title, above. An important property of this scan pattern is that it has a fixed pitch, P, that is related to the parameter
where ω = 2π/T and T is the period of the sinusoidal signal. This is one of the appealing properties of this scan pattern. It implies that, under uniform sampling along the cycloid trajectory, horizontal distances between samples taken remain fixed. Thus, the resulting image will comprise of P × P sized pixels. We choose to set the pitch of the cycloid according to
where n is the number of lines of the scan image along the minor axis (Y axis in this case). The number of lines along the X axis is 2n. AFM images are plotted by mapping sampling points recorded along the cycloid trajectory into appropriate raster points. The pitch of the raster image is chosen to be the same as the pitch P of the cycloid image. Figure 1 plots the relative positions of the cycloid points with respect to the raster points. Each raster point is mapped to the closest cycloid point using the Delaunay triangulation technique [15] . The error associated with the mapping of cycloid points to raster points can be evaluated using the technique documented in [16] . The length of the vector from a cycloid point A to a raster point B is calculated as where i and j are the index of a raster point. To ensure that each raster point is mapped with good accuracy, the value of |B A| should be less than P/2. Also, each raster point has to be populated during mapping. This is achieved if
where F s is the sampling frequency.
The experimental results
The cycloid-scan method was implemented on a commercial AFM (NT-MDT NTEGRA). The x and y signals of the cycloid trajectory were generated using a dSPACE-1103 rapid prototyping system. This system has a maximum sampling rate of 80 kHz. The generated signals were amplified by a NANONIS bipolar high voltage amplifier HVA4 with a gain of 15. The amplifier output signals were used to drive the X and Y axes of the piezoelectric tube scanner. The Z axis of the scanner was controlled using the AFM's software and circuitry during the 'landing' process of the cantilever. After the 'landing', the microscope was configured to function in constant height contact mode, where the vertical feedback controller was disabled. This was to avoid image artifacts The sampling speed of the data acquisition system used in our experiments was limited to 80 kHz. Thus, to satisfy the mapping criterion discussed above, the resolution of the image at 156.25 Hz had to be reduced to 128 × 256 pixels. As shown in table 1, the RMS values of the mapping error at all four frequencies are approximately 5% of the pitch size P, indicating that each image was mapped with good accuracy. Figure 2 shows the scan images of the grating together with their cross-section profiles. For raster scans, scan-induced oscillations were observed at 39.1, 78.1 and 156.25 Hz. These effects can be observed in figure 3 , which compares the ability of the AFM scanner in tracking raster and cycloid-scan signals. The lack of satisfactory tracking at high speeds is one source of distortion in raster-scanned images. Another cause is due to the fact that the cantilever was detached from the grating at high speeds due to severe oscillations. The detachment of the cantilever from the grating causes it to vibrate at its resonance frequency. This can be observed in the Z -direction profile plots as well as the images. For cycloid scans, images recorded at 39.1 and 78.1 Hz have similar quality as that obtained at 1.95 Hz. Scan-induced oscillations were not noticeable in these images, indicating that the cycloid-scan input signals did not excite the vibratory dynamics of the tube scanner. The image quality at 156.25 Hz was slightly lower than that of the other three cycloid-scanned images. This is expected as the quality of a scan will deteriorate with the increase of scan speed due to the oscillations of the cantilever [16] . Nevertheless, the image quality is much superior to the raster-scanned images.
To this end we point out that other scan methods have been proposed which result in better quality high-speed scans compared with raster-scanned images. One such non-raster scan method is the spiral-scan scanning probe microscopy proposed by Mahmood and Moheimani in [12] and [16] . The key idea is to force the scanner to follow a smooth velocity spiral, however, allows for regular sampling and thus is preferred due to ease of implementation. However, it is slower and results in a small circular artifact at the center of the image, which is due to the finite mechanical bandwidth of the scanner. Another approach that has been investigated in the literature is the sinusoidal scan method [17] , where one of the axes of the scanner is forced to track a sinusoidal signal, while the other axis undergoes a staircase motion. Thus, the scanner's path of motion in the x-y plane is a non-smooth trajectory. Furthermore, due to the sinusoidal nature of the motion the scanner's velocity varies as a function of position. Thus, regular sampling is not feasible. Compared with the above methods, the cycloid-scan approach has the advantage of being as fast as a constant angular velocity spiral scan, and allowing for regular sampling along the scan trajectory.
Conclusion
A non-raster scan method was proposed for high-speed atomic force microscopy, and was implemented on a commercial AFM. Images were successfully recorded up to 156.25 Hz scan speed on a scanner with a resonance frequency of 580 Hz. This was achieved without the use of feedback or feedforward controllers. The cycloid-scan signals did not excite the resonance of the piezoelectric tube scanner. The images are of much better quality than the raster-scanned images obtained at identical scan speeds.
